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PAKT 1 

GENERAL INFORMATION 

- 
1. INTROWCllION 

The A b o r t  Simulation Program is  a manned simulation study with the full 

These aborts occur 
s i x  degrees of freedom. 
from the powered descent portion of the LEM trajectory.  
at  pre-selected points along the powered descent. 
descent t ra jectory have been chosen. 

The program i s  run i n  r ea l  t i m e  and simulates aborts 

Five points along a 

A moving base motion device driven by computer signals provides f o r  three 
Three proJectors provide axes rotationalmotion i n  response t o  p i l o t  inputs. 

the p i l o t  with a s ta r f ie ld ,  lunar scene, horizon and CSM position. An 
instrument panel mounted i n  the cockpit has Tv displays, a three axes a t t i tude  
ball and synchro driven meters. 
determine the optimum information required for  an abort mission. 
console located i n  the computer room contains 
follow the cockpit displays. 

Displayed information w i l l  be evaluated t o  
A control 

repeater instruments which 

There are  two SI-210 d ig i t a l  computers programmed i n  fixed point providing 
a r e a l  t i m e  simulation t o  the vehicle equations of motion. 
digital-to-analog (D-A) converter channels i n  use. 
channels allows for  56 D-A conversions. 
sions a re  used. Mechanization of the control system, t h r o t t l e  outputs, drives 
f o r  displays, recorders, projectors, and moving base requires about 210 analog 
operational amplifiers. 

There are 34 
Time sharing of these 

Six analog-to-digital (A-D) conver- 

2. CONTROL SYSTEM 

The a t t i tude  control system i s  a three axis system which performs an ana- 
log integration of the d ig i t a l ly  computed angular acceleratiow,*, 4 and ?. 
The operating modes f o r  rotat ional  and t ranslat ional  control are manually 
selected by the p i lo t .  For msnual control the p i l o t  w i l l  se lect  e i ther  t he  
Attitude Hold or  Rate Command Mode. In the Attitude Hold Mode there i s  
a t t i t ude  feedback (Sp, Sq, Sr)  i n  a l l  three axes when the input t o  the con- 
t r o l  system f r o m  the rotat ional  controller i s  zero. 
rotat ional  controller passes through a deadband which lMts the input t o  
zero fo r  104 of the maximum controller output. This i s  t o  compensate for  
mechanical slop i n  the  controller. 
this deadband the control system functions as it would i n  the Rate Command 
Mode. 
is  produced. A two Jet couple is produced for  error  s ignals  l e s s  than .8 . 

The output from the 

Once the controller output passes through 

For error  signals greater than 0.8 degree, a four je t  rotat ional  cguple 

There are three p i l o t  operated switches fo r  emergency mode of operation. 
They are  selected separately for  each axis. In  the emergency mode, the modu- 
l a t o r  produces a pulse t r a i n  or a d i rec t  on-off signal. 
i n i t i a t ed  when the  rotat ional  controller exceeds 75$ of the controller throw. 

Direct on-off mode is 
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2. CONTE~OL SYSTEM (Cont'd) 

There are two t ranslat ional  control modes, Pulse Train Modulation (FTM) 
They are selected by a switch located on the instrument and Direct on-off. 

panel. 
throwing a switch located on t h e  t h ro t t l e  controller. 
of p i lo t  operated switches appears i n  Part 11. 

Four hundred pounds of thrust  along the  X axis may be selected by 
A complete description 

3. MODULATORS 

Pulse modulators receive error signals from the Attitude Control System 
and the j e t  select  logic determines which pa i r  of the 16 Reaction Control 
System (RCS) j e t  engines should f i re  for  rotat ional  and/or t ranslat ional  
control. 
i s  referred t o  as a "Ugic Box". 
w i t h  the d i g i t a l  computer. 
whose width and repet i t ion frequency are dependent upon the normalized input 
error  signal. There are three such modulators, one for  each control channel, 
which provide rotat ion torque commands t o  the j e t  select  logic. Pulse t r a i n  
modulators generate a signal which is  fixed i n  amplitude, width and frequency. 
The equations representing the jet-select  logic are  i n  the Appendix. 

4. ABOR!I' PROCEDURE 

The modulators and j e t  select  logic are physically housed i n  what 
m e  output of the Logic Box i s  interfaced 

The Pulse Ratio Modulator produces a signal 

The p i l o t  vi11 assume manual control when the abort l igh t  i n  the cockpit 
goes on. 
trajectory.  Prior t o  this, the  vehicle is  i n  an "Automatic Mode." In  order 
t o  i n i t i a t e  mmual control the p i l o t  must move the  Attitude Mode Select switch 
out of "Auto" in to  either an "Attitude Hold" or"Rate Coxmuand Mode,"both of 
which are manual. Upon pual take-over, the p i l o t  w i l l  immediately start 
erecting the  LFM at a 10 /sec rate. "be appropriate a t t i tude  display mt 
then be selected by pushing the  Ascent Display Selector switch. 
which engine configuration is  being used, the  p i l o t  may stage the descent 
engine and f i re  the  ascent engine o r  continue t o  u t i l i z e  the descent engine. 
An iner t id  o r  line-of-sight pitch program w i l l  then be followed. The pitch 
program shal l  be determined pr ior  t o  the s t a r t  of the run. A t  the  completion 
of this pitch program, the LFM w i l l  nominally be i n  a circular  parking orbit .  
Insertion into a transfer orb i t  will be effected after remaining i n  the  
parking orb i t  f o r  a period of time. 
twenty minutes depending on the phasing of t he  LE24 and CSM. 

The l i g h t  w i l l  go on a t  predetermined points along the descent 

Depending on 

This dwell time w i l l  range from two t o  

?he procegure t o  be followed i n  the  i n e r t i a l  pi tch program i s  t o  rotate  
the  LFM at 10 /sec u n t i l  a zero pitch angle (erect a t t i tude)  is  achieved. 
angle is  measured with respect t o  the landing site local  vertical .  
is  held u n t i l  a specified value of AV USED is d i sp lped  at which time the 
vehicle is rotated t o  a specified pitch angle at 10 /sec and held at  that 
angle u n t i l  another specified value of AV USHI is  achieved. 
repeated u n t i l  AV USHI required fo r  burnout is achieved. 
of this maneuver, the vehicle should be in a circular  parking o r b i t .  

This 
The angle 

This process is 
A t  the  completion 
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4. ABORT PRLIcl&lRE (Cont'd) 

Nominally, no mid-course corrections are required since the  LFEl w i l l  be 
on a col l is ion course with the  CSM. 
t h e  p i lo t  t o  make corrections as required due t o  manual errors  induced. Ex- 
cept when mid-course corrections a re  being made, the vehicle sha l l  be coasting. 
A run w i l l  be terminated a t  a line-of-sight (XIS) range of 30 nautical  miles 
which is  the i n i t i a l  condition for  start of rendezvous. 

I n  practice, it w i l l  be necessary f o r  

In order t o  reduce the nm time, a jumptime capabili ty has been bu i l t  in to 
the simulator. 
phase. 
time t o  be jumped from calculated data. 
the. After the final mid-course correction has been made, the run w i l l  be 
terminated by a jump t o  the 30 nautical  mile range point. 
capabili ty w i l l  resu l t  i n  an average saving of 40 minutes f o r  a complete run. 

The p i l o t  w i l l  c a l l  f o r  a jump in  time during the coasting 

He w i l l  then i n i t i a t e  the jump i n  
The experimenter a t  the  control console w i l l  determine the mount of 

This jump time 

An experimental test  plan written by C r e w  Systems, appears i n  Part 11. 
This test plan describes i n  detai l ,  the  experimental procedures and run 
schedule t o  be followed. 

5.  DIGITAL 

Trajectory computations during the "Auto" descent phase w i l l  be an open 
loop computation implemented digi ta l ly .by a process of continaully up-dating 
i n i t i a l  conditions. 
law during "Auto" descent are enclosed i n  the Appendix. The s i x  degree of 
freedom equations a re  implemented d ig i t a l ly  at  an interat ion r a t e  of 50 ms.  
There a re  a t o t a l  of 34 D-A and 6 A-D channels i n  use for  t h i s  simulation. 
sharing of  the  D-A converters expands the number of conversions t o  56. The 
sampling and conversion r a t e  depends on the  program requirements w i t h  a minimum 
r a t e  of 300,usec available. 
Addition and subtraction can be performed i n  6,q sec. 
memory is  4,096, 21 b i t  words. 
the  simulation. This necessitated the use of an external tape fo r  the "jump- 
time" routine. This routine is  used only during the coasting phase and re- 
places the routine f o r  the Auto Descent Trajectory which is read out of the 
machine a f t e r  abort i s  ini t ia ted.  

The polynomial equations representing the descent guidance 

Time 

Access time t o  the internal  memory i s  2,4sec. 
The internal  machine 

A t o t a l  of about 10,000 words a re  required fo r  

The equations of motion were programmed w i t h  a view t o  make maximum usage 

The routinmare general and are written w i t h  speed and accuracy as 
of standard sub-routlnes which have been developed and pre-tested i n  o t h r  
programs. 
the  prime consider8tioM 
blocks which allows f o r  ease i n  effecting a change i n  any of the equations. 
An executive routine controls the up-dating and execution of the en t i re  program. 

The simulation has been programmed i n  discrete  

The a t t i t ude  engine thrusts  a r e  integrated d ig i t a l ly  during the 50 m s  
i t e r a t ion  period and summed into the t ra jectory computation a t  synchronous 
points. I n e r t i a l  a t t i t ude  i s  solved d i g i t a l l y  by integration of body axis  
angular r a t e  into the direction cosine set. An excessive amount of analog 
equipment would be required for an analog implementation of a t t i t ude  with a 
loss i n  accuracy. 
serves the  correlation between f u e l  use and traJectory perturbation.+ The 
anticipated accuracy of an unperturbed t ra jectory is expected t o  be -.0005ft/sei 

Digitel  implementation of mass and fue l  use equations pre- 

~ 

REPORT =-570..8 
9 March 1964 

G R U Y Y A N  A I I C I A I T  E N G I N E E R l N G  C O R C O I A ~ I O N  



6 
P 
N 
0' 
VI 

N 
c 

61 
3 
Y 
N 

6. W G  

Analog implementation was required fo r  driving of the analog instruments, 
visual  displays, s t r i p  chart recorders, x-y p lo t te rs  and the moving base, 
The equations used t o  drive the  moving base and projectors are i n  the Appendix. 
The a t t i tude  control system is  an analog mechanization which receives p i l o t  
inputs from the t h r o t t l e  and controller which are also implemented on the 
analog computers. 

7.  W A R E C O R D I N G  

Analog time his tor ies ,  x-y plo ts  and d i g i t a l  printouts w i l l  be made of the 
The analog t ime h is tor ies  w i l l  

Any discontinuity which may occur be- 
parameters inl icated on the  enclosed chart. 
provide a continuous recording of data. 
tween d i g i t a l  printouts would be apparent. Dynamic charscter is t ics  and 
frequency response of the vehicle may be evaluated from the analog data. 

Digital  printout of data w i l l  occur every 10 seconds when a main engine is 

If a printout is called fo r  while 
thrusting, every 5 minutes when not, and at  special  events. !I!beee special  
events a re  tabulated on the enclosed chart. 
a printout i s  being made, the data will be stored i n  the computer memory and 
printed out at the completion of the previous printout. The system has the 
capabili ty of back logging a t o t a l  of four printouts. The l i n e  pr in te r  can 
output 200 l ines  per minute. 

8. SPEIAL EVENT PRINTOU~ 

. Energizing of the Abort Light . Manual Take-over . Firing of the Descent o r  Ascent m i n e s  . Shut Down of the Descent or  Ascent mines . Staging 
Ebergizing the "Freeze mtton" . mecuting o r  stopping a Translational Command . In i t ib t ion  of a "JLrmp-Time" 
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9. DIGITAL AND ANAIOG PRINllOllTS 

. DIGITAL PRINTOUT' 
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10. P r n E R S  

For Powered Abort Phase only. 

30 x 30 P ~ E R S  

Polar Plot  



PARr I1 

DEITAIJXD DESCRIPTION OF THE SIMULATION AND PROGRAM 

1. PHYSICAL DESCRIFTION 

The Manned Aerospace Flight Simulator Faci l i ty  contains a moving base 
cockpit enclosed i n  a gondola. The cockpit seat i a  adjustable i n  height. 
shoulder harness and 66.t belt are attached t o  the eeat. 
mounted on a three axis gimbal system which providee rotatignal motion i n  
pitch,  yaw and r o l l .  
respectively. The en t i r e  gondola is mounted on a tubular 
about the pitch axis. 
is the maximum acceleration obtainable w i t h  t h e  simulator. 
system which drives the  moving bsss is capable of generating up t o  4,000 psi. 
A control console located i n  the eimulator room provides a cloned c i r cu i t  TV 
visual  view of the  p i l o t ' s  head and shouldere. In  the  event of p i l o t  discom- 
fort, due t o  excessive motion or computer malfunction, the  run can be halted 
at  t h i e  console by the safety engineer. Sound ef fec ts  are simulated by a noise 
generating system as'a function of t h r o t t l e  position for  the descent engine. 
It w i l l  be conetant f o r  the ascent engine. Located i n  the computer room i e  a 
control engineer's console which hae repeater instruments t o  display informs- 
t i o n  t o  the experimenter which is displayed t o  the p i lo t .  An intercom system 
provides for voice communication between the p i lo t ,  computer room snd the 
safety monitor's console. 

A 
The gondola is 

The range of motion available i s  * 10 , t 20°, and * loo, 
oke which is  pivoted 

Two g ' s  B The maximum motion is 90' a t  a 40 /see rate. 
The hydraulic 

The gondola is  enclosed by a 20 foot hemispherical projection screen. A 
starfield projector is used t o  display a starfield on the projection screen. 
The line-of -eight rates e $ are integrated t o  drive the  starfield pro- 
jector.  There is 8 re68t t t o n  i n  the cockpit which centers the  starfield 
if it should pass out of the p i l o t ' s  line-of-sight. This w i l l  occur after 45' 
of travel. The projector is  
driven by the line-of-sight angles with respect t o  the LEM body axis.= The 
beam of l i g h t  from the spot projector w i l l  be mechanically interrupted i n  
order t o  display the CSM position as a flsshing l igh t .  
scene are displayed by a projector which is mounted on a four gimbal system. 
The four gimbal system allows for  continuous rotation i n  ro l l .  

A spot projector w i l l  give the C S  position. 

A horizon and lunar 

The c o c b i t  is encloaed i n  a gondola. Directly i n  f ront  of the  p i l o t  i e  
the  instrument panel which contains TV and meter displays of parameters t o  
be evaluated i n  f lying an  abort mission. Mounted on the le f t  side of the 
panel are the t h n u t e r  quad s h u t e f f  switchehl, the Attitude Mode Select 
Switch, and the Deadband Select Switches. When abort occurs, a red l i g h t  
on t h e  r igh t  side of the panel w i l l  be illuminated by a coanputer signal. 
throt t le-control ler  is located dlrect ly  under the lower l e f t  side of the 
inatrument panel. 
of t h e  descant engine and f i r ing  of t he  reaction control syetem jets for  
t ranslat ional  control. 

The 

The throt t le-control ler  is used t o  control the thrust  level 



An instrument panel located i n  the cockpit, provides the p i l o t  w i t h  various 
visual displays. Displayed parameters, t h e i r  def ini t ion and method of  display 
are: 

a. Euler Angles: 

#, 0, 

8t, Qt, 6 - W/R th rus t  axis. 

- W/R landing a i t e  iner t ia l .  

#A, QA, FA - W/R CSM loca l  Vertical. 

These angles w i l l  drive t he  attitude ball. Prior  t o  staging Qt, Ft, and 
The reference system which i s  determined pr ior  t o  a @t, w i l l  drive the b a l l .  

run w i l l  determine which of the  other two mer  Angle s e t s  ahall drive the  
ball. 
pi tch and r o l l .  
angle readouts on TV i n  the cockpit. 
set of  angles t o  the  p i l o t  w i l l  be 0.5 sec. 

The angles as displayed t o  the p i l o t  w i l l  be p i l o t  oriented yaw, 
These angles w i l l  also be d i g i t a l l y  displayed as precision 

The cycle time t o  display one complete 

b. Attitude Errors : 

&(d = @c - # 
CQ = 0c - 0 

pc - p 
The subscript c indicates a command f'unction. 

taneous valueeof the  mer angles. 
dr ive the Flight Director m o r  Needles located on the Attitude Ball. 
experimental T t r i x o w i l l  determine which set is  u t i l i zed .  
are scaled t o  - 0.5 . 

8, (d and Vare the instan- 
These e r ror  signals are implemented t o  

The 
The error  needles 

c. Angiiar ~ o d y  Rates (p, q, r): 

The LEN angular body veloci t ies  i n  ro l l ,  pitch and y a w  w i l l  drive 
gaI.va,noBeter type meters. 
every 5 /sec. 
yaw ra te  is equal t o  "-p" and the r o l l  rate is equal t o  "r". 

The maximum range is 20°/sec w i t h  graduations 
The parameters displayed w i l l  be p i l o t  oriented such tha t  the 

d. Altitude Rate: 

The a l t i t ude  rate, OVrIB is an i n e r t i a l  velocity measured w i t h  
respect t o  the LEN loca l  ver t ical .  
range of +, 500 ft /sec.  

It i s  displayed on a d i a l  meter w i t h  a 

e. Range Rate: 

The range rate e is  the rate of change of the line-of-sight 
distance between the LFM and the CSM. 
ft /sec.  

It is scaled f o r  a maxFmum of 2 500 
A d ia l  type meter is used for display. 

~ 
~~ - -~ 
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CAGE 11-3 

f. Altitude: 

The al t i tude,  R = F$ - % is dieplayed on a d i a l  meter from 0 t o  
8 1 s  is  tho distance of the LEM from the  luasr sur- 100,OOO fee t  full scale. 

fhce as given by the ra- altimeter. 

g. Thrust t o  weight ra t io :  

An acceleration along the LFM body axis. It is  displayed on a 
d i a l  type meter and hss a range of 0 g'e (earth g). 

h. Elapsed The: 

Displayed on a CRT and reads the  t o t a l  run time i n  seconds. 

i. kt Time': 

A CRT display i n  seconds. The Set  Time may be mechanically set 
t o  zero by,the p i l o t  o r  stopped during a run .  
being stopped, it w i l l  continue t o  add t o  the previous value. 

If not reset t o  zero a f t e r  

j .  Elevation Angle, E: 

A radar line-of-sight angle measured d o n g  the line-of-sight w i t h  
respect t o  the LFM body axis. 

tally displayed on % %r a range of 360 . The angle 4mis is displayed pr ior  
t o  staging. 

It is  defined as the angle the  projection of 
the LOS into the  plane makes w i t h  p e  posit ive Z It is  digi-  

k. Azimuth Angle, A: 

A line-of-sight radar angle which is defined as the  angle which 
t h e  line-of-sigh$ ma$s with the ]g-Z, plane. 
w i t h  a range of - 90 . It is d ig i t a l ly  read out on Tv 

The distance measured i n  feet between the  LFM and the CSM. It is 
displayed d ig i t a l ly  on TV f o r  a range of 0 t o  l,5OO,OOO feet. 

The t o t a l  amount of AV consumed i n  the  ament  and descent engines. 
It is d ig i t a l ly  displayed f o r  a range of 0 t o  20,000 feet/sec. 

n. AV TO GO: 

A programmed value of AV which is  displayed during the thrusting 
It is a d ig i t a l  display 

The range is  0 t o  9999.9 feet/sec with aapabili ty of passing thru zero. 
period s ta r t ing  with abort and ending with burnout. 
on TV. 
The final portion of AV $0 GO from 100 feet/sec drives a tape called the AV $0 
GO tape meter. 
exposed when 

This tape has green and gray colore. 
TO GO ie i n  excess of 100 feet/sec and w i l l  start moving when 

The gray color w i l l  be 



. 

n. AV 'EO a0 (Cont'd): 

100 feet/sec is reached. 
b T  'Eo GO the  l i ne  dividing the  green and gray color w i l l  be aligned with a 
fixed indicator. 

The green color w i l l  then became visible.  A t  zero 

3. COCKPms- 

There i r  an assortment of switches located on the instrument -1. 
Their function and description are : 

a. The Ascent m i n e  Control Switch: 

A push-push type f o r  firing and stopping the ascent engine. This 
switch is disabled pr ior  t o  staging. 
engine, the stop l i gh t  i s  on. 

Pr ior  t o  i n i t i a l  f i r ing  of the ascent 

b. Descent m i n e  Control Switch: 

Fires and stops the descent engine. To i n i t i a t e  a run with the 
descent engine f i r ing,  it must be put i n  the f i r e  position pr ior  t o  the start 
of the  run. When a programmed failure of the descent engine occurs, the f i re  
posit ion is disabled. Prior t o  staging it may be used for f i r i n g  and stopping 
the  descent engine. 'Ihe switch l i gh t s  are disabled after staging. 

c. "Stage" switch : 

Used t o  allow fo r  staging the descent engine independently of 
the abort auto sequence switch. 
on and remains on for  the  remainder of the run. 
while the descent engine is  f i r ing.  

When staging is  ini t ia ted,  the Stage l igh t  goeE 
The Stage switch is disabled 

d. Abort Auto Sequence Switch: 

Dimbled while the descent engine i s  i n  use. It cannot be used 

When used, the switch automatically stages the descent engine and 
after staging of the descent engine nor can it be used more than once i n  a 
given run. 
fires the ascent engine. 
run once it is used. 

me AAS switch l i gh t  stays on u n t i l  the  end of the  

The A t t i t u d e  Display switches are a l l  pueh-push type switches and 
have back up l ights .  
switches. 

When one is used, it disables the other attitude display 
There are five such switches, two of  which are non-functional. 

e. Descent Display Switch: 

-bled prior t o  the start of a run except for  those runs s ta r t ing  
at  the  insertion thru mid-course phase. 
a t t i t ude  with respect t o  landing site iner t ia l .  

It provides f o r  a display of 
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f .  Ascent Display Switch: 

Must be enabled subsequent t o  abort and immediately after the 
a t t i t ude  mode selector  switch i s  out of the  "Auto" mode. Attitude errors w i l l  
then drive the  e r ror  n e e a s s  on the  attitude b e l l  if t h i s  is desired. Simul- 
taneously, it selects  the a t t i t ude  reference system w i t h  respect t o  landing 
site Iner t ia3 or  CSM loca l  ve r t i ca l  86 determined by the experimental matrix. 
For t h i s  sirmilation, CSM loca l  ve r t i ca l  is  the only system t o  be displayed 
f o r  insertion through mid-course. 

g. Mid4ourse Display Switch: 

To be used fo r  the insertion through mid-course portion of a run. 
It selects  the CS! loca l  ver t ica l  reference system fo r  a l t i t ude  display. 

h. Hover-Land Switch: 

Non-functional fo r  t h i s  simulation. 

i. Rendezvous Switch: 

Non-f'unctional f o r  t h i s  simulation. 

j. AV Set Mode Switch: 

This i s  a two posit ion switch, ''Auto'' and 'tManual". The switch 

While i n  manual, the  
remains i n  Auto u n t i l  completion of circularization a f t e r  which it is 
placed i n  numual for  insertion in to  a transfer orbi t .  
p i l o t  m y  inser t  a AV TO GO by turning the  AV set wheel. 

k. Mid-Course Meaeure Freeze : 

The use of  this switch allows readings t o  be taken on the LOS 
Angles, range, and range rate fo r  mid-course measurements. Pushing the switch 
freezes the readout of these functions. 
the readout of these parameters t o  continue. 

The switch must be enabled again fo r  

1. Thruster-Quad Shut-Off: 

Allows for  manual shut-off of any one of four RCS thruster  quads 
by the p i lo t .  When energized, the appropriate fa i l  l ight  goes on. 

m. Attitude: 

There are three a t t i tude  switches which enable the p i lo t  t o  select  
e i the r  direct  on-off or "normal" f o r  pitch, r o l l  and yaw axes independently. 

n. Mode Select Switch: 

This i s  a three position switch, "Auto," "Attitude Hold," and 
"Rate Command." 
remains there u n t i l  Abort is ini t ia ted.  

The switch i s  placed i n  the "Auto" mode pr ior  t o  a run and 



0. Dead Bmd Select Switch: 

This switch enables the p i l o t  t o  se lec t  e i ther  maximum or  minimum 
dead-band for  the control system. The selection i s  made fo r  a l l  three axes 
simultanrously. 

p. Translation Select : 

This switch is  used t o  select  either d i rec t  on-off or Pulse Train 
Modulation fo r  the translat ional  mode. 

4. INERCIAL PITCH PROGRAM 

A n  i n e r t i a l  pitch, and a Line-Of-Sight (m) pitch program w i l l  be 
studied i n  t h i s  sinruletion. 
and an ascent/descent engine combination f o r  each program. 

Studies will be conducted using ascent engine only 

The inertial pitch program w i t h  ascent engine only w i l l  requhre the p i l o t  
t o  rotate the vehicle, at  abort, t o  an inertial pitch angle of 0 
rate. The inertial pi tch angle is referenced t o  landing s i t e  local  horizontal. 
The y a w  and r o l l  angles should be simultaneously held at zero. 
engine is then f i r ed  and the vehicle held at  the i n e r t i a l  pi tch angle of 0 
u n t i l  a specified value of AV USED is 8ttained. 
t o  a specified pitch angle, 8, at a 10 /sec rate. 
u n t i l  a new sgecified value of AV USED is attained. 
pitched at  10 /sec t o  a second specified pitch angle, 02. 
repeated u n t i l  AV USED burnout is attained. 
and the vehicle coasts i n  a circular  parking orb i t  of a l t i tude  h . After 
coasting i n  this orb i t  fo r  a period of time, the ascent engine #fired and 
the vehicle inserted in to  a coasting t ransfer  o r b i t  by thrusting a t  an i n e r t i a l  

the circular  
pi tch angle 

since this will af fec t  the phasing of the  LEN and CSM. 

on a col l is ion course with the CSM and no mid-course corrections would be 
required. 
as required. 

at a 10 /sec 

The ascento 

The vehicle is  then pitched 

me vehicle is then 
!Phis angle is held constant 

This procedure is  
The ascent engine i s  then stopped 

u n t i l  AV USED has been attained. The period of time spent i n  
king orb i t  w i l l  depend upon ,the time at  which abort occurs 

This t i m e  may range 
from 2 t o  20 minutes. During the mid-course phase the LFM will nominally be 

Due t o  p i l o t  induced errors mid-course corrections w i l l  be made 

The procedure i s  the same when the ascent/descent engines are used except 
that the  descent engine remains on a t  abort. The descent engine thrus t  at  
this time is 10,500 pounds. When AV USED equals 5,000 ft/sec, the descent 
engine is throt t led back t o  6,000 pounds. This th rus t  level is maintained 
unt i l  descent engine burnout or staging of the descent engine occurs. The 
thrus t  of 6,000 pounds was chosen t o  make the thrust  t o  weight ration, T/W, 
equivalent t o  the T/W of the  ascent engine at  abort. 
be staged when AV USED equals 7,400 ft/sec. 
Tables Uf the  i n e r t i a l  pi tch program for  both engine configurations are  in- 
cluded i n  the  Appendix. 
r(ptione,a,re included i n  the  Appendix. The procedures are  the same f o r  both 
ncuninal and off-nominal t ra jector ies .  

The descent engine w i l l  
The ascent engine is then fired. 

the  same fo r  both engine configu- The procedures, 
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5 .  LOS PITCH PROGRAM 

The procedure t o  be followed i n  the LOS pitch program is similar t o  the  
i n e r t i a l  pi tch program. A t  abort, the  vehicle is rotated u n t i l  the  LOS 
elevation angle 5 is  attained. 
applied along the  local  ver t ica l  direction. 
i n  jd w i l l  be necessary i n  order t o  satisfy radar look angle requirements. 
y a w  and r o l l  angles w i l l  be held t o  zero during the pitch rotat ion t o  El. 
angle E.,. is held constant u n t i l  a specific value of &USED is  attained. 
wihicle i s  then pitched t o  an Ix>6 angle 

orbi t .  Af'ter coasting f o r  a specified period of time, the ascent engine is  
ignited and the vehicle placed i n  a coasting t ransfer  orbi t  by thrusting and 
maintaining an IDS angle u n t i l  LW USED has been attained. The procedure 
is the same from t h i s  p o i 3  as i n  the ineAia1  pitch program. 

For late abort cases the thrus t  w i l l  be 
In  some cases, a rotat ion of 180' 

The 
The 

The 
and held at  t h i s  angle u n t i l  &7 

USED burnout is attained. The vehicle xi  P 1 then be i n  a circular  parking 

6. EXPERI[MENTAL TEST PLAN 

a. General 

I n  t h i s  section a re  contained the basic information and requirements 
of those LFM engineering groups tha t  have requested data f'rom the  Manual Abort  
Sirmilation program. The number of problems posed by these groups precludes 
t h e i r  resolution within the six-week experimental period. Thus, a pr io r i ty  
has been established t o  achieve maximum possible benefit from t h i s  simulation 
study. 

b. Purpose 

The major obdective of t h i s  investigation is  t o  determine p i l o t  
a b i l i t y  t o  perform mBllual abort within the present LFM AV budget. 
objectives of the  study, i n  order of pr ior i ty ,  are: 

Additional 

(1) 

(2) 

Determine required a t t i t ude  i n s t m e n t a t  ion fo r  msnual abort . 
Determine effectiveness of manual'midcourse correctione. 

(3)  Determine the  effect  of reaction control system degradation 
on manual abort capabili ty and AV. 

C. Subject Program 

Each p i l o t  w i l l  be subjected t o  the following program: 

(1) Indoctrination. 
(2)  raining %ids. 

(3)  Be-test Trials. 
(4) merimen- Test Trials. 

- 
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d. Pilot Indoctrination 

In the indoctrination phase, subjects will be given a verbal descrip- 
tion of the Abort problem, the limitations of the simulation, the flight con- 
trol system and its dynamics, the vehicle configurations to be used, and the 
criteria to be met for each part-task and Wl-task segment. 
structions concerning the tasks required will also be given. 
be familiarized with the physical components of the simulator and its handling 
characteristics. 
jects as well as how the displays function during the dynamic situation. 

Written in- 
Subjects will 

Critical points in the trajectory will be shown to the sub- 

e. Pilot Training Trials 

(1) Abort-to-Burnout Training Trails. 

The conditions to be employed in these training runs (abort-to- 
transfer orbit insertion) will be as follows : 

(a) 

(b) 

Inertial pitch program for a~ trials. 

TUe AV USED and AV 90 GO digital indicators and 
associated AV TO GO vernier display will be ap-  
erational for all trials. 

Control deadband of 0.1' will be used. (c) 

(a) Abort point #2 along a nominal descent tra- 
jectory will be utilized for these runs. 
run will start either 5, 10 or 15 seconds prior 
to abort time, randamly assigned. 

Each 

(e) Error needle conmands in a l l  3 axes with respect 
to inertial reference system during abort ascent 
trajectory and coasting parking orbit. 

Ehch of 4 pilots will undergo training trials using the ascent 
engine only and descent/aocent engine combination until his performance meetsth 
apecif ied criterlm of 2 consecutive successful runs per engine- configuration. 
Waining qualification will be based upon AV and terminal conditions at burn- 
out . 

Upon completion of the abort-to-burnout training phase, subjects 
will then undergo a series of post-training trials, as presented in Table 1. 

(2) Mid-Course Correction Training TrSals. 

These runs will follow the successful completion of abort-to- 
burnout training. 
the midcourse correction (i.e., transfer orbit insertion through midcourse 
t-ting) training trials : 

The following conditions will be held constant throughout 

~ ~~ 
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(2) Mid-Course Correction Training Trials (Cont d) . 
local  ver t ica l  reference system for  all trials. 

The AVUSED and AVW GO d i g i t a l  indicators and 
associated AV90 GO vernier display w i l l  be opera- 
t i ona l  for a l l  trials. 

Control deadband of 0.1' will be used. 

The i n i t i a l  conditions fo r  a l l  midcourse correction 
t ra ining trials are presented i n  Table 2. 
course run w i l l  begin at transfer orb i t  insertion. 

Each m i d -  

Thrusting procedures w i l l  be accomplished with dual- 
axis control, i.e., rotat ion about the Y-body axis 
followed by successive thrusting along the X and Y 
axes . 
Error needle connaands i n  ro l l ,  p i tch and yaw w i l l  
be u t i l i zed  f o r  mid-course measurements and both 
the  precision angle d i g i t a l  readouts i n  all three 
Bxe6 and t he  eight-ball w i l l  be used for  mid-course 
thrusting. 

/ 

Training c r i t e r i a  for  mid-caurse correction procedures w i l l  be 
satisfied af'ter each p i l o t  performs two  consecutive successful runs, based 
upon AV and burnout errors. 

f. Pre4est Trials 

This phase of the  simulation program w i l l  be used t o  evaluate a t t i tude  
display instrumentation, reaction control system sens i t iv i ty  (deadbands) and 
the attitude reference system (-ding s i te  inertial vs line-of-sight reference 
systems). Based upon these evaluations, cer ta in  quantit ies w i l l  be selected 
and remain constant fo r  the  remainder of the  program. 

(1) Attitude D i s p l a y  Instrumentation (Abort-toJPramfer Orbit 
Insertion) 

This segment of the pre-test trials w i l l  investigate two a t t i tude  
instrumentation schemes (i.e., precision angle readouts and eight-ball only) 
t o  determine the  f eas ib i l i t y  of their inclusion as study variables i n  the ex- 
perimental- test nms. 
they w i l l  be retained f o r  the  balance of t he  study. 

Should both attitude display modes prove "flyable," 

The following conditions w i l l  be held constant throughout these 
111115: 

(a) Inertial pitch program w i l l  be used. 

~~ 
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(1) ht t i tude  DispLay Instrumentation (Cont a). 

(b) !the AV USED and AV To GO d i g i t a l  indicators and 
associated AV TO GO vernier display w i l l  be op- 
e ra t  ional . 

(c) Control deadband of 0.1' w i l l  be uti l ized.  

(a) ~bort point #2 d o n g  a nominal descent tra- 
jectory w i l l  be employed f o r  these runs. 
run w i l l  start either 5, 10 o r  15 seconds pr ior  
t o  abort t i m e .  

Each 

Display conditions involving precision angle d i g i t a l  readouts i n  
a l l  three axes with the eight-ball and the  eight-ball only  (no precision 
angle readouts) w i l l  be introduced. 
once t o  two p i lo t s  as presented i n  Table 3. 

Each of four conditions w i l l  be presented 

Should one display condition, or  both, prove t o  be "flyable" - 
(based upon AV and burnout errors), they w i l l  be retained and treated as 
study variables during the test  runs. If there is  no i n i t i a l  success, the 
run schedule (Table 3)  w i l l  be repeated three additional times per p i lo t ,  i.e., 
a t o t a l  of 16 runs per p i lo t .  A t  least eight "non-flyable" runs (i.e., i n  
excess of AV budget) per p i l o t  under each display method would be used i n  
justifying the elimination of one, o r  both. 

(2) Deadband Investigation. 

Three different  control deadband conditions w i l l  be studied t o  
determine the e f fec t  of reaction control system sensi t ivi ty  on p i l o t  perfor- 
mance during abort-to-transfer orb i t  inse%ion, based uponAV and burnout 
errors. me study conditions t o  be employed fo r  these runs w i l l  be identical  
t o  those used i n  the abort-to-burnout t ra in ing  trials (refer t o  section e(1)) 
w i t h  the exception of cdntrol deadband condi t iop.  
control deadband w i l l  be introduced, i.e,, 0.05 , 0.5 and 1.0 under each of 
two engine configurations. 
administered t o  each of two pi lots .  

%ch of thgee values of 

Table 4 presents the s i x  conditions tha t  w i l l  be 

(3)  Reference System EWduation (Abort-to-transfer orb i t  insertion). 

Two a t t i t ude  reference coordinate systems w i l l  be investigated 
t o  determine the superior technique fo r  inclusion i n  the test runs. 
abort-to-burnout t ra jectory w i l l  be referenced t o  e i ther  the landing s i te  
i n e r t i a l  o r  the line-of-sight coordinate system. These pre-test trials w i l l  
be conducted using both reference systems and the AV consumed fo r  each w i l l  
be recorded. The AV USED f o r  the two referenced systems w i l l  be compared t o  
determine i f  any significant difference between the two referenced techniques 
exists. If one is eignificant, the superior referenced technique, i.e,, the 
system requiring the least AV, w i l l  be retained f o r  the remainder of the pro- 
g-. 

The 
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(3 )  Reference System Evaluation (Cont * d)  . 
The study conditions t o  be employed f o r  these runs w i l l  be 

ident ical  t o  those used i n  the abort-to-burnout t ra ining trials (refer t o  
section e 1)) with the exception of the  reference technique used, i.e., l ine-  
of-sight I US) reference system instead of landing sight iner t ia l .  Error 
needle conminds w i l l  be employed during the  abort ascent t ra jec tory  and 
coasting parking orbi t .  
I n e r t i a l  Roll Angle, I n e r t i a l  Yaw Angle and Elevation Angle. Ehch of two pilotg 
w i l l  f l y  ascent engine only and descent/ascent engine combination u n t i l  they 
complete two  consecutive "successful" runs per engine configuration (based upon 
the  same c r i t e r i a  of AV and terminal conditions a t  burnout used i n  section e(1). 
The p i l o t s  w i l l  perform two  runs w i t h  the  ascent engine only and two  runs with 
the descent/ascent engine combination as presented i n  Table 5. 
terminal condition6 a t  burnout w i l l  be recorded and compared wi%h p i l o t  per- 
formance data using the  i n e r t i a l  reference system (refer  t o  section e(1)) t o  
determine if any significant difference between the  two referenced techniques 
exis ts .  If one is  significant,  it w i l l  be retained f o r  use i n  the test  run6. 
If there is no difference, the i n e r t i a l  technique w i l l  be retained. 

The angles t o  be displayed on the e r ror  needles a re :  

The AV and 

g. Experimental Tes t  T r i a l s  

"his phase of the simulation program w i l l  be used t o  evaluate p i l o t  
capabili ty i n  (1) the manual i n i t i a t ion  and control of powered abort t ra jec-  
t o r i e s  under a variety of vehicle and a t t i t ude  display conditions; (2) the 
conduct of a manual midcourse correction, and; (3)  the manual control of a 
complete abort t ra jectory (abort through mid-course correction) .under a variety 
of conditions of f l i g h t  control system degradation. The test  runs w i l l  be 
subdivided in to  three segments as follows: 

. Abort-tO-bUrnOUt. 

. Mid-course correction. 

. Complete abort trajectory.  

(1) Abort-to-Burnout Tes t  T r i a l s .  

The conditions t o  be employed i n  these t e s t  runs (abort-to-trans- 
fer orb i t  insertion) w i l l  be as follows: 

(a) Ei ther  i n e r t i a l  o r  IDS pitch program w i l l  be used, as 
determined i n  section f (3 ) .  

(b) The AV USED and AV TO GO d i g i t a l  indicators and 
associated AV TO GO vernier display w i l l  be opera- 
t i ona l  f o r  all trials. 

Control deadband of 0.1' w i l l  be used fo r  a l l  trials. 
EBch test  tr ial  w i l l  start e i ther  5, 10 or  15 seconds 
pr ior  t o  abort t i m e ,  randomly assigned. 

(c) 

(d) 

The study variables under investigation are as follows: 
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(1) Abort-to-Burnout Teat Trials (Cont'd). 

Attitude Maplay Inetrumentation (Assume all th ree  are found 
feasible - refer t o  section f(1)). 

E.N. = Error Nulling Needles, 

P.A. = Precision angle readouts i n  three axea 
with eight-ball (if i n e r t i a l  is used); Pre- 
c is ion angle readouts i n  ro l l ,  y a w  and Ix)S 
elevation with eight-ball ( i f  

E.B. = Eight-ball only. 

A b o r t  Points 

LOS is used). 

1N = Abort  point #1 along nom nal descent tra- 
40 seconds after i n i t i a -  jectory where t 

t ion  of mHT - 97.9O. 

3N = Abort point #3 along nominal descent tyy 
jectory (tmm = 280 s e c o m m m  = 75.6 ). 

5N = Abort point #5 along nominal descent tra; 
jectory (tmm = 510.5 seconds; - 0.1 ). 

3 ON =I Abor t  Point #3 along off-nominal descent 
trajectory. 

w i n e  Configurations 

A = Ascent engine only. 

D/A = I)eSCent/A6Cent eng-*ie combination. 

Each of the 24 conditions w i l l  be presented t o  each o f  four 
p i l o t s  twice, yielding a t o t a l  of 48 runs per subject. 
run schedule f o r  these test trials. 

Table 6 presents the  

(2) Mid-Course Test Trials .  

The test  conditions for  t h i s  series of trials w i l l  be as follows: 

(a) 

(b) 

CSM loca l  ve r t i ca l  reference system w i l l  be 
used for  a l l  trlals. 
The AV USED and AV TO GO d i g i t a l  indicators and 
associated AV TO GO vernier display w i l l  be 
operational f o r  alJ. trials. 
Control deadband of 0.1' w i l l  be used. 
Each tes t  t r ia l  w i l l  begin at  t ransfer  orb i t  
insertion. 

l! 

(c) 

(a) 
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(2) Mid40~rf3e Test Trials (Cont'd). 

(e )  Mid-couree correction thrust ing procedures . -  

f o r  coplanar errore only w i l l  be accomplished 
by rotat ing about the Y-body axis followed 
by a single t r a n s h t i o n a l  thruet application 
alonn the  X-body axis. When correctinn out-of- 
plane errors,  t i e  p i l o t  w i l l  r o t a t e  a G u S  
y-body axis followed by succeasive t ranslat ional  
thrusting along the X-- and Y - ~ O Q  axes. 

The study variables under investigation are as follows: 

Attitude Display Instrumentation (Assume all three are feasible) 

a = Error needles i n  a l l  three axes for mid- 
course measurement and precision angle d ig i t a l  
readouts in  all three axes with eight-bsll fo r  
mid-couree thnrating. 

b = Precision angle digi ta l  readouts i n  a l l  
three axe8 with eight-bdl for both mid-couree 
measurements and thrusting. 

c = Eight-ball only f o r  both mid-course measure- 
ments and thrusting. 

I n i t i a l  Conditions (Will be derived from p i l o t  p e r f o m e  
data, i.e., burnout conditione at tranefer o rb i t  insertion, 
collected during abort-to-burnout training trials) 

1 = "Moderate" co-plRIULr errors. 
2 = "Iktreme" co-planar errors. 
3 = "Moderate" co-phmar and out-of-plene errors. 
4 = "ESrtreme" c o - p ~ m r  end uutlof-plane errora. 

Four p i l o t s  w i l l  undergo each of the twelve test conditions tvice,  
yielding a t o t a l  of 24 rund per subject. 
t e a t  trials are presented i n  Table 7. 

The run schedule for  the mid-course 

(3) Comple te  Abort  Trajectory Test Trials .  

The study conditions t o  be employed for theee run8 w i l l  be 88 
followe : 

(a) For the  abort-to-tranefer o rb i t  inser t ion por- 
t i o n  of each run, e i ther  the Inertial o r  IDS 
pitch progrsm w i l l  be wed, whichever is found 
superior (refer t o  section f (3 ) ) .  
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(3) Camp- Abort !l!rajectory Teat Trials (Cont'd). 

The aqperlor attitude dieplay will be utilized, 
aa determined in section g(l), for the abort- 
to-transfer orbit ineertion segment of each 
teat trial. 

The AV USED and Ai! TO GO digital indicators 
and seaociated AV To GO vernier diapley w i l l  
be operational for all trials. 

Control'deadband of 0.1" will be utilized. 

~ b o r t  point #4 d o n g  a naninal descent tra- 
jectory will be uaed for these runs. 
will a t a r t  either 5, 10 or 15 seconds prior 
to abort time, randanly assigned. 

Ekch run 

CSM local vertical reference system will be' 
used for all trials for the transfer orbit in- 
sertion through mid-caurse thrusting segment. 

The attitude display instrumentation found to 
be superior in section g(2) w i l l  be used during 
the mid-course correction portion of each test 
run. 

A variety of degraded conditions of the flight control and re- 
action control systems w i l l  be introduced at the beginning of each run. 
study variables under investigation are 86 follows: 

The 

Vehicle Configurations 

A = Ascent engine only. 

D/A = Descent/Ascent .engine combinat ion. 

Flight Control De- tion 

N = No degradation or malfunction. 
D.P. = Direct mode in pitch axis only. 
D = Direct mods In d l  three.axe8. 
C = Rate colmnand in aU 3 axes; no attitude hold. 

R.O. = One o f  the RCS jets (used for pitch, i.e., 
x-8xia jet) failed on. 
R.F. = One of the RCS jets (used for pitch) 
failed off. 

- 
- 

Four pilots will undergo each of the twelve test conditions once, 
yielding a total o f  twelve m per subJect. 
plete abort trajectory test trials are presented in Table 8. 

The m schedule for the com- 
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APPENDIX A 

EQUA!J!IONS OF MOTION 

The equations of motion developed by the Dynamic Analysis Group, a re  f o r  
a six degrees of freedom hybrid simulation. mcept fo r  the h body axis 
angular rates p, q and r, the implementation of the  equations is d ig i ta l .  
The assumptions made i n  formulating the equations a re  as follows: 

1. me CSM is  i n  a circular  equatorial  orbi t .  

2. Tfie Descent Engine gimbal axis excursions are small. 

3. The Ascent Engine thrust  misalignment is  small and 
constant. 

4. The reaction jets have no5 thrust misalignment. 

5.  There is  no reaction between the  LEM Ascent and Descent 
stages at  separation. 

6. There is  no movement o r  sloshing of fuel i n  the LEM. 

7. The moon has no rotation w i t h  respect t o  inertial. 
space. 

The t ranslat ional  and rotat ional  equations of motion include the e f fec ts  
of descent engine gimballing,ascent engine thrus t  misalignment, i n e r t i a l  cros6- 
coupling and jet  damping. 
of staging after descent engine burnout. 
center of gravity w i t h  moments measured from a fixed reference point. 
manents are then t ranslated and are taken about the center of gravity. 
reaction Jet  moment arm geometry is as shown i n  the following figure: 
page A-2).  

The mass and ine r t i a  equations include the e f fec t  
The equations provide for  a variable 

The 
The 

(See 
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CSM TRANSLATIONAL MCYTION (l3lEEQIAL) 

PPA = 0 

IIEIATIVE P O S I T I O N  WRT INERCIAL AXES 

R = Z  - Z  
ZP PA P 

RELATIVE P O S I T I O N  I N  UN BODY AXES 

= 1  R + 1  R + 1  R 
RxB 1 x P  2 y P  3 Z P  

+ m  R + m  R 

= n  R + n  R + n  R 

RyB = "1 'xp 2 n 3 ZP 

RzB 1 q 2 Yp 3 ZP 

RANGE OF Levl To CSM 

2 + R  2 +  e =  <Rm Yp 

1 
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8 Y 

Y 
W 

I $ = i cos 6~ + i Sin 6 B 
P P 

vI12B = & Sin‘B + ? P CosXB 

= -5 Cos xB + ? SinXB 
vRIB P 

LPI LATITUDE AND UINGITIJDE RATES 

- V&B 

Rp 

B =  VdB k 
XR 

I;FM AIllITUDE 



LE24 RESULTAI4T INEKTIAL ACCELEFWION FORCES 

A? = (1 B + m B + nl B,) 
P 1 x  1 y  

AY = i  B + % B  + n  B P 2 x  2 z  
?r 

A: = ~ ~ i  + m  B + n  B~ P 3 3 Y  3 

INEXTIAL TRANSLATIONAL MOTION 

R "  P 

P = AYp - Gm Yp - P 

~~ 

REPORT LED-570-8 
DATE 9 March 1964 

C R U M M A N  A I R C R A f T  t N G I N f E R l N G  C O 8 C O R A T l O N  



PAGE A-6 

LEN BODY AXES M o m  EQUATIONS 

LINE OF SIGHT A N G U S  WRT LEM BODY AXES 

si E = %4P 
2 112 C o s  E = (Ryg2 + RzB ) 

Sin A = - F$$p Cos E 

COS A = RZ$p Cos E 



RELATIVE VEXACITY OF CSM WRT IIWR!PIAL AXES 

u y p = - P  P 

RELATIVE vEII>CI!FY OF CSM WRT LFM BODY AXES 

+ 1 u  
= llU- + 3 ZP 

'yB ?Lue, + + m U  3 zp 

9 a  = nlu#@ + + n U  3 zp 

IDS RATES WRl' LEM BODY AXES 

,6 = urn Sin B - u coo E Sin A + uZB COS E cor A YB 

i = I(U- car E + uyB Sin E Sin A - UzBSin E COS A) 

F 
A 1 (-UyB COS A - UZB Sin A) p 5  

-WE POSITION OF LEN WF?J CSM LOCAL VERTICAL 

= R Sin 6 A - RGP COB 6 A 
XP 

U S  ANGLES WRT CSM LOCAL VEXTICAL AXES 

Sin E = - R /pcom A Sin = R /p  
A EA YA 



i r "  

FUEL CONSUMPTION EQUATIONS 

E r n  
Mm = Tm/32.2 I 

= Ta/32.2 I 
a Em 

= J' ~tl at 0 a 

t 
+T +T +T +T +T +T +T )d t  J ( T i  3 6 7 9 12 14 16 = 1  

SPJ 0 
AMA 32.21 

i 
Y 

'\ . 
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'0 2 

E 

4 u 
Y 

FUEL CONSUMPTION EQUATIONS ( C o n t  a)  

A V  m =c Tm/% dt 

%l = MoTl 

M = M  
T2 OT2 



D E U E T I O N  COSINES 

i2 % '12 I i3 5 h3 

LEN BODY TO CSM UXAL VEFtCICAL 

1 n 

2 
n 

5 

"1 

N2 

N1 

1 

1 n 

I 

n2 

n3 
f 

-N3 

N2 

N3 

I 

I 

1 2 %  

LEM BODY TO LANDING SITE VERTICAL AXES 

l1 "1 

l2 ?2 

? 

l-1 "1 

l2 "2 

l3 m3 

1 

1 n 

2 n 

n3 

-L3 -M3 

DESCENT ENGINE THRUST TO LANDING SITE VERl'ICAL 
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DESCENT ENGINE THRUST TO LANDING SITE VERTICAL (cont'd) 

INERTIA EQUATIONS 

IXl 

52 

Y l  
I 

sr2 I 

I21 

I Z 2  

I 
w1 

q 2  

IXZ - 

I =  

- 
1 
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x = x  - ('%G) Ab+ 
cG1 cGol (.3q1 

Y = Y  
cG2 2 

INLEEI ANGLES 

BODY AXES WRC I M D I N G  SITE VEHltICAL 

I 

Sin 8 = 

I 1 

cos @ = "2 
Zqig 

~ 

THRUST AXES ANGLES WRT LANDING S'PIIE VEXTICAL 

Sin'#T = 

cos % = (Llm 2 ) 1/2 

Sin % = / cospT 



A-13 

L 

E 

4 " 
Y r 

Sin "aA = %  

BODY AXES WFtF CSM IOCAL VERTICAL 

Sin eA =  COS vA 
2 1/2 

Cor PA = + (1 - 5 ) cos OA = -L@os PA 

Sin fdA = -N2/Coa yk 

Cos 8, = M2/c0S @A 

EQUATIONS FOR ATTITUDE BALL DRIVE 

AVsa is a manual set value 
ir t i m e  of manual set 

AvusED = AVm + AVa 
5 & %  = O o r  1 

f S, 

AV- and AVoa are on-oet comtantr 

The AV TO GO logic ie illuetrated in the following figure: 

. 
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CAGE B-1 

A€’PENT)IX B 

ABORT SIMULATOR DEFINITION OF SYMBOLS 

SYMBOL DEFINITION UNITS 

Bx 

BZ 

B 
Y 

T j=1 ... 16 
3’ 

Tm 

A i  
P 

A i p  

x 
P 

Applied Force Along LEN XB - Body Axis 

Applied Force Along LIB YB - Body Axis 

Applied Force Along ID4 ZB - Body Axis 

Reaction Jet Thrusts 

Descent Engine Thrust 

As cent Engine Thrust 

Descent Engine Gimbal Angle About Body ZB - 
Axis 

Ascent Engine Thrust Misalignment Angle 
About Body ZB - Axis 

Descent Engine Gimbal Angle About Body YB - 

Ascent Ehgine Thrust Misalignment Angle About 

Axis 

Body YB - Axis 
Acceleration In  I n e r t i a l  X P  - Direction Due 
t o  Applied Forces 

Acceleration In  I n e r t i a l  YP - Direction Due 
t o  Applied Forces 

Acceleration In Ine r t i a l  ZP - Direction Due 
t o  Applied Forces 

Instantaneous Total  ID4 Mass 

Direction Cosines Between I n e r t i a l  Axes and 
Body Axes 

Direction Cosine Rates Between I n e r t i a l  Axes 
and LEM Body Axe6 

Total  LEM Acceleration In I n e r t i a l  XP - 
Direct ion 

Total  LEM Acceleration I n  I n e r t i a l  YP - 
Direction 

LBS. 

LBS. 

L E .  

LBS . 
LBS . 
LBS. 

RAD. 

RAD. 

RAD. 

RAD. 

FT/SEC2 

ET/SEC2 

FT/SEC2 

s lUg6 

- 

- 
FT/SEC2 

FT/SEC2 

~ 
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PAGE B-2 

SYMl3OL DE3"XITION UNITS 
- .. 

Z P 

g 

It 
P 

k 
i 
x- 
P 

Total  Ll34 Acceleration I n  Ine 
Direction 

Gravitational Acceleration - 
LEM Velocity I n  I n e r t i a l  XP - 
LJN Velocity In  I n e r t i a l  YP - 
LJN Velocity In  I n e r t i a l  ZP - 
LEM Distance From Moon Center 

' t ia l  ZP - FT/SEC2 

FT/SEC2 

FT/SEC 

Fr/SEC 

FT/SEC 

FT 

FT 

m 
m 
RAaIANS 
RADIANS 

FT 

FT/SEC 

FT/SEC 

F"/SEC 

RAD/SEC 

RAD/SEC 

FT 

Fr 

FT 

FT 

MI 

FT-LE. 

m-m.  
FT-m. 

32.2) 

Direction 

Direction 

Direction 

I n  I n e r t i a l  
Landing S i t e  Vertical  Direction Y 

yP 

Z 
P 

LEM Distance From Moon Center Along Moon 
Spin Axis In  South Direction 

LEM Distance From Moon Center I n  I n e r t i a l  
Ianding S i t e  Horizontal Direction 
q l t i t ude  of the  LEM from the Lunar Surface 
LEM Latitude 
LE24 Imgitude 

R 
P 

%dB 

LE24 Radial Mstance From Moon Center 

LEM I n e r t i a l  Velocity I n  Ictal Horizontal 
Easterly Direction 

%B LEM I n e r t i a l  Velocity In  Local Horizontal 
Southerly Direction 

V 
r l B  LEN I n e r t i a l  Velocity I n  Local Vertical  

Direction 

LEM Latitude Rate 

LE51 lrongitude Rate 

Reaction Jet Moment Arm I n  XB Direction 

Reaction Jet Moment Arms I n  YB Direction 

Reaction J e t  Moment Arms I n  ZB Direction 

Ascent Engine Moment Arms 

x YY r Z  

L 

m m m  Descent Engine Moment Arms 

Applied Moment About XB - Axis 

M Applied Moment About YB - Axis 

N Applied Moment About ZB - Axis 
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4 u 
Y 

DEFINITION 

P 

9 

r 

IKY 
I 
YZ 

l2 l2 DpA' DqrA 

0 .  

xP .. 
Z 

G 

M 

P 

i 
P 

iP 

xP 

Z 
P 

RA 

Angular Acceleration About XB - Axis 
Angular Acceleration About YB - Axis 

Angular Acceleration About ZB - Axis 
Angular Rate About XB - Axis 
Angular Rate About YB - Axis 
Angular Rate About ZB - Axis 
Moment Of Inertia About XB - Axis 
Moment Of' Inertia About YB - Axis 
-Moment Of Inertia About ZB - Axis 
Product Of Inertia 

Product Of Inertia 

Product Of Inertia 

Total Mass Rate 

Characteristic Distance For Jet Damping- 
Ascent Engine 

Characteristic Distance For Jet Damping- 
Descent Engine 

CSM Acceleration In Inertial X P  Direction 

CSM Acceleration In Inertial ZP Mrection 

Universal Gravitational Constant 

Lunar Mass 

CSM Velocity In Inertial XP Direction 

CSM Velocity In Inertial ZP Direction 

CSM Distance From Moon's Center In Inertial 
X P  Direction 

CSM Dietance From Moon's Center In Inertial 
ZP Direction 

CSM Altitude (Constant) 

RAD/SEC~ 

RAD/ SE c2 
W/SEC2 

RAD/SEC 

RAD/SEC 

RAD/SEC 
2 

2 

2 

2 

2 

2 

S LUG-FT 

SLUG-FT 

SLUG-FT 

SLUG-FT 

SLUG-FT 

SLUG-FT 

SLUG/SEC 

FT2 

FT2 

FT/SEC2 

FT/SEC2 

FI'/SEC2 

SLUGS 

FT/SEC 

FT/SEC 

FT 

FT 

FT 
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SYMBOL DEFINITION 

~ 

UNITS 

R 

R 

R 

xp 

YP 

ZP 

P 
Rx13 

R 

'z B 

A 

E 

YB 

dA 

R 
YA 

AA 

EA 

uxP 

uz* 

'zB 

/j 
vj 

R e l a t i v e  Posit ion i n  I n e r t i a l  XP-Direction 

Relative Posit ion i n  I n e r t i a l  YP-Direction 

Relative Posit ion i n  I n e r t i a l  ZP-Direction 

w e  

Relative Posit ion i n  XB-Body Axis Direction 

Relative Posit ion i n  YB-Body Axis Direction 

Relative Posit ion i n  ZB-Body Axis Direction 

Azbuth Angle 

Elevation Angle 

CSM bngi tude  

Relative Posit ion i n  CSM Ioca l  Horizontal 
Easterly Direction 

Relative Posit ion i n  CSM Ucal' Horizontal 
Southerly Direction 

Re la t ive  Posit ion i n  C S i  Local Vertical  
Direction 

Radar G i m b a l  Angle i n  CSM b c a l  Horizontal 
Plane 

Radar Gimbal Angle i n  CSM Local Vertical  Plane 

Relative Velocity i n  I n e r t i a l  XP Direction 

Relative Velocity i n  I n e r t i a l  YP Direction 

Relative Velocity i n  I n e r t i a l  ZP Direction 

Total Relative Velocity 

Relative Velocity i n  XB-Body Axis Direction 

Relative Velocity i n  YB-Body Axis Direction 

Relative Velocity i n  ZB-Body Axis Direction 

Range Rate 

Component of R e l a t i v e  Velocity i n  Line-of- 
Sight jl-Direction 

FT 

Ft 

FT 

FT 

FT 

FT 

FT 

RAD 

RAD 

RAD 

FT 

FT 

FT 

RAD 

RAD 

m/SB 

FT/SB 

FT/SB 

FT/SB 

FT/sE( 

FT/sEx 
m/sa 
lT/SE( 

FTISM 
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SYMBOL DEFINITION UNITS 

‘k 

60A 

6 A  

t 

Jx+ A M  

AMjY+ 

AMjz+ 

* Mjx- 
A M  

jY- 

Component Of Relative Velocity I n  .Line-Of- 
Sight kl - Direction 

I n i t i a l  CSM Longitude 

CSM bngl tude  Rate 

Time 

Command Pitch Angle 

Direction Cosines Relating ID4 Bow Axes 
To CSM bca l  Vertical  

Direction Cosines Relating LEM Bow Axes 
To I;EM Local Vertical  

Reaction Jet Propellant Burned I n  + XB - 
Mrec t ion 

Reaction Jet Propellant Burned In + YB - 
Direction 

Reaction Jet Propellant Burned I n  + ZB - 
Direct ion 

Reaction Jet  Propellant Burned I n  - XB - 
Direction 

Reaction Jet Propellant Burned In  - YB - 
Direction 

Reaction Jet Propellant Burned I n  - ZB - 
Mreation 

Reaction Jet Propellant Burned I n  J e t  
System A 

Reaction Jet Propellant Burned By Descent 
Engine 

Reaction Jet Propellant Burned By Jet Sys- 
t e m  B 

Reaction Jet Propellant Burned By Ascent 
Engine 

To t a l  Prope 1 lant  l3urned 

Translational AV Consumed 

FT/SEC 

RAD 

RAD/SEC 

me 
RAD 

- 

- 

SLUGS 

SLUGS 

SLUGS 

SWGS 

SLUGS 

SLUGS 

SLUGS 

SLUGS 

SLUGS 

SLUGS 

SLUGS 

FT/SEC 
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0 

0 

SYMBDL DEFINITION uNI!rs 

ISPj 

I 

I 
"m 

"a 

MRCS 

Mo Rcs 
"m 

"a 

Avm 
av, 
MOTl 

Avm 
Avm 
IXO1' 401' IZOl 

M 

Reaction Jet Specific Inrpulse 

Descent Engine Specific impulse 

Ascent m i n e  Specific Impulse 

Reaction Jet Fuel 

I n i t i a l  Reaction Jet Fuel 

AV Used by Descent Engine 

AV Used by Ascent Engine 

AV Remsining i n  Descent Stage 

AV Remaining i n  Ascent Stage 

I n i t i a l  Mass - Descent Stage 

I n i t i a l  Mass - Ascent Stage 

AV Required for  Abort  Before Staging 

AV Required for  Abort After Staging 

I n i t i a l  Moments of Ine r t i a  f o r  LEM 
Separation Weight 

I n i t i a l  Products of I n e r t i a  fo r  LEM 
Separation Weight 

I n i t i a l  Moments of Ine r t i a  after Staging 
Ascent Engine 

I n i t i a l  Products of Ine r t i a  after Staging 
Ascent Engine 

Derivative of  Moments of Ine r t i a  with Re- 
spect t o  Total  Mass Change-Descent Stage 

Derintivw of Products of I n e r t i a  w i t h  Re- 
spect t o  Total Mass Change-Descent Stage 

Derivative of Moments of Inertia w i t h  Re- 
spect t o  Total Mass Change-Ascent Stage 

Derivative of Products of Ine r t i a  WKT Total 
Mass Change-Ascent Stage 

SEZ 

SEX: 

SEX: 

SLUGS 

SLUGS 

FT/SEC 

ET/SEx: 

FT/SEC 

FT/SEC 

SurGs 

SUGS 

FT/SEC 

FT/SExI 
2 

SWG-FT 

2 
SUG-FT 

2 
SUIG-FI' 

SLUG-& 

ET2 

I& 

I& 

&? 
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SYMBOL DEFINITION UNXTS 

'CG' 'CG' 'CG 

%G) dyCG) %G) favl~~lfvl 
A A A 

74 

# 

Distances %Ween Center of Gravity and 
Reference Point 

I n i t i a l  Posit ion of CG a t  Separation 

I n i t i a l  Position of CG After Staging 

Change i n  CG Posit ion WRT Change i n  Mass 
f o r  Descent Stage 

Change i n  CG Position WLET Change i n  Mass 
f o r  Ascent Stage 

Descent w i n e  Moment Arms 

Distance Between Fixed Reference Point and 
Descent Engine Gimbal Axis Point 

Ascent w i n e  Moment Arms 

Distance Between Fixed Reference Point and 
Ascent Engine Nozzle 

Distance Between Fixed Reference Point and 
RCS Nozzle i n  5 Direction 

Distance Between Fixed Reference Point and 
RCS Nozzlgrin Y Direction 

Distance Between Fixed Reference Point and 
RCS Nozzles i n  % Direction 

LEI4 Velocity i n  the 5 Body Axis Direction 

Rotation About the  YB Body Axis WRT I n e r t i a l  
Space (Pitch) 

Rotation About the  5 Body Axis WRT I n e r t i a l  
Space (Roll) 

Rotation About the 5 Body Axis WRT I n e r t i a l  
Space (Yaw) 
Rotation About the Y Body Axis WRT C% 
bca l  Vertical  (PitcR) 

Rotation About the Body Axis WRT CSM 
b c a l  Vertical  (~011 3 
Rotation About the 5 Body Axis WHT CSM 
~ a c a l  Vertical  (yaw) 

B 

m 

l?r 

Fr 

ET/SUUG 

FT/SWG 

ET 

FT 

ET 

m 

ET 

FT 

m 

m/sEc 
RAD 

RAD 

RAD 

RAD 

RAD 

RAD 
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SYMBOL DEFINITION UNITS 

Rotation about the Y Thrust Axis WRI! RAD 
Ine r t i a l  Space (Pitch) f 
Rotation About the Z Thrust AxTs wRT 
I n e r t i a l  Space (Roll) 

Rotation about the X Thrust Axis w ~ i ~  
I n e r t i a l  space (Yav) 

RAD 

RAD 

- 
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Appendix C 

h n g e  of Variables 

Table C-1 contains the ranges of variables f o r  the Grumman 
Abort Simulation. 
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TABLE C 

Symbol W e  Units Synibol Unite 

-400 - +lo900 

-200 - +1300 

Bx 
BY 
BZ 

-200 - +1300 

-35 - .  +25 
- 3 - + 3  
-30 - +30 
32.2 

l b  s 

lbs 

lbs 

lbs 

lb  s 

lbs 

RAD 
RAD 
m/s& 
m/s& 
m/s& 
SLUGS 
- 

1 / S E  

m/s& 
m/s& 
nc/snc2 
Fr/sEc2 

-5,700 - +5,700 q s M :  
-100 - + 100 FT/sEc 

- 5,700- +5,700 FI'/SEC 
6 6 -1.lX10 - + l . h l O  Fr 

-2x10 4 -ex10 4 m  
6 6 -1.1x10 - + l . l X l O  Fr 

Fr 6 O - + L  h l 0  

5. 70209W3X106 FI' 
t 1.0 

f 1.0 

* 1.0 

2,300-+17,504 
2,1OO-+19,766 
1,100-+18,989 
-u -+1g 

AB 
6, 

VnlB 

%B 

R P 

'rlB 

i, 
i;, 
"1 
y1 
y2 

y3 
y4 

22 

23 
z4 
*a 
ya 

1 Z 

z a 
Xm 

'm 
m Z 

L 

M, N 

Rw 

RzP 

R 
YT 

P 
RxB 
R ~ B  R ~ B  

A 
E 
4 A 

XA 
R 

-0.03 - +0.03 RAD 

-0.18 - +5.0 
5.7020 3x10 6 - RAD 
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PITCH PROGRAM DAIl‘A 

GAEC M O - 5 O O - l O l  forms the  content of this Appendix and contains a l l  

Pitch Program Dsta. 
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Subject: FIRM ABORT TRllJECTORY DATA FOR THE LINE-OF-SIGHT ABORT TECHNIQUE AND 
COFlRECTED DATA FOR INERTIAL ABORT TECHNIQUE 

Reference: (1) LEN Engineering Memo LMO-500-95, "Data for LTV Abort Simulation 
Program", dated 27 September 1963. 

SUMMARY 

This memo presents the firm abort trajectory data for the line-of-sight abort 
technique for use in the LTV abort simulation. In addition, corrected data for the 
inertial abort technique, are included. 

LINE-OF-SIGHT TECHNIQUE ABORTS 

Reference (1) presented firm inertial and estimated line-of-sight abort 
Tables 

In 
procedures and trajectory data for the LTV abort simulation program. 
(1) and (2) of this memo present the firm line-of-sight trajectory data. 
addition, two modifications of the LOS abort procedure discussed in Reference 
(1) will be defined below: 

(1) Descent/Ascent Engine1 

The abort procedure, when the descent/ascent engines are to be used is 
the same as denoted in reference (1) except that the descent engine throttle 



m c ,  m-500-101 
L. Weber, D. McCabe 

Page 2 
11 October 1963 

is set,for all abort points, to produce a thrust of 6,000 Ibs. 
level is held constant until either descent engine burnout or staging occurs. 
A lower thrust level for the descent/ascent cases, f o r  early aborts, is 
necessary to satisfy radar look angle and desired burnout altitude constraints. 

This thrust 

(2 )  Eezly Aborts: 

In early abort cases, an 18-second r o l l  through an angle of 180" is 
necessary, prior to the pitch rotation, to satisfy radar look angle require- 
ments during abort ascent. During this 18-second period, the inertial pitch 
angle is held constant. 
descent/ascent engine abort cases are noted below: 

In more detail, the procedure for the ascent and 

(a) Ascent Engine: 

At abort, the vehicle is rolled 180 deg. ( f r o m  belly-up to belly 
down) at 10 deg/sec. roll rate. 
18-second roll period. The vehicle is then rotated, at the 10 deg/sec. 
inertial pitch rate, until the required LOS elevation angle is achieved 
(El). 
discussed in reference (1). 

(b) Descent/Ascent Engine: 

The vehicle is coasting during this 

The ascent engine is then lit and the procedure continues as 

The same 18-second r o l l  procedure is followed. However, during 
this time the descent engine is operating at 10,500 lb. th&t. 
the completion of this roll maneuver, the descent engine is then 
throttled to a thrust of 6,000 lbs, and the pitch maneuver to E 1  
performed. 
discussed in reference (1). 

At 

The remainder of the procedure is the same as that 

INERTIAL TECHNIQUE ABORTS 

Certain errors were discovered in Tables 1 and 2 of reference (1). These 
errors were corrected and are presented in Tables 3 and 4 of the present memo. 
For ease of determining which values were changed, all changes to Tables 1 and 
2 of reference (1) are underlined. 

LW:'jlp 0 
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APPENDIX F 

CONTROL SYSTEM %=IC AND JlQ S E m  ILX;IC 

c,AM: MO-500-79 forms the content of this Appendix and contains the Con- 

trol System Schematic and Jet Select Jhgic equations. 
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Subject : ATTITUDE CONTROL SYSTEX FOR IEM ABORT SIMJLATOR AT Urv 

References: (1) IMO-5QO-69, "Equations of Motion f o r  the U24 Abort Simulator", 

(2) IMO-570-75, t'Work Statement fo r  Manual Abort Study Simulation, 

dated 17 July 1963 

Chance Vaught Corporation, Dallas, Texas,'t dated 13 June 1963 

Introduction : 

This memo provides a description of the dynamic model of the a t t i tude  
control system t o  be used i n  the LEM Abort Simulator. The control system specified 
herein w i l l  provide simulation of the dynamic character is t ics  of the f l i gh t  control 
system with suff ic ient  accuracy and detail t o  completely sa t i s fy  a l l  primary ob- 
Jectives (Reference (2)) f o r  the abort simulation. 
control system dynamics have been made t o  reduce analog computer requirements but 
control system performance t o  p i l o t  commands has not been compromised. 
f igurat ion of t h i s  control system r e f l e c t s  the contributions from and coordination 
with the Flight Controls Sub-eyetem Group. 

Certain simplifications in  the 

The con- 

D i  s cu s s ion : 

A schematic diagram of the a t t i t ude  control system is  given i n  Figure 1. 
This diagram presents the three ax is  control system ahd shows interface with 

I pilot-operated switches, p i l o t  controllers,  automatic.guidance steering signals, 
and vehicle body dynamics equations (Reference (1)). 
attitude control system are l i s t e d  i n  Table 1, and the range of parameters i n  
Table 3. 

The operating modes for  the 

The operating modes are selected manually by the p i l o t .  The Attitude 

The emergency modes, 
Mode Switch (Figure 1) se lec ts  SiFdtaneously f o r  a l l  three axes, the rotat ional  
modes I , A  and I ,B, l ,a  and I,B,l,B.which a re  shown in  Table 1. 
I,B,2,a and I,B,2,b of Table 1, are  manually selected separately f o r  each axis 
with the three Emergency Switches (Figure 1)  a 

(modes IIA and IIB of Table 1) and the X-axis response l eve l  are mually sclected 
with the Translatian Mode &le& Switch (Figure 1). 

The two t rans la t ion  control modes 



When the control system is put i n  the autauatic mode (mode IA of 
Table l), it operates without att i tude feedback. 
ing equations must fonn the error angles i n  its awn coordinate system between 
vehicle att i tude and desired attitude, which are designated herein as 4 ,  e,, )y 
In  order for  the control system t o  properly respond to  these guidance steering 
errors (4 s, 
frm guldmue oosrdinrteo into body-=io, au%opilot oaanlnA si-, Thio matrix 
has been designated schematiclrlly as % i n  PYgitre 1. 

Therefore, the guidance steer- 

), a transformation matrix I s  required t o  transform the errore 

(Reference 1) 

The logic equations which state the conditions which cause each of the 
16 reaction jets t o  fire i n  response t o  error signals i n  the flight control system 
are given i n  Table 2. These equations w i l l  be mechanized by solid state switching 
networks for  the simulator, referred t o  as the "logic box". 
logic equations is cauprised of pitch, yaw and roll rotation torque camnand S i m S j  
X, Y and Z t ransht ion  force ccmm1ands3 a p i lo t  executed "high" o r  "low" X-axis 
translation force level  selection, and p i lo t  activated J e t  Failure logic switches 
(located i n  the cockpit) for  each of the four j e t  clusters, or quadrants. 
t ional switches w i l l  be supplied on the "logic box" i t s e l f  for  the cmputer operator 
t o  cause an apparent "fall-on" or "fall-off" for  each of the 16 jets.  
consists of 16 on-off, constant amplitude, signals which repmsent the thrust 
camand t o  each of the 16 reaction jets.  
passed through a l inear  first iorder lag filter, the output of which canprises the 
thrust  of the reaction jete.  

The input t o  the 

Addi- 

The output 

Each individual output signal will be 

The J e t  Failure Logic Gwitches are operated by the pi lot  and simulate 
the dual f'unction of "RCS propellant isolation" and failure logic command. 
switches w i l l  autunatically chapge logic in  the "logic box". 

These 

A detailed discussion of @e ftmctioning of the logic equations w i l l  
be the subject of a separate memo. 
opt- control torques and translation forces in  response t o  any combination of 
simultaneous rotation and translation camnande. I n  addition, for  large rotation 
error signals above Level, e, (Figure 1) It produces a four-jet rotation couple 
(smaller error responee produces two-Jet couples) provided that the rotation 
camnand exists i n  only one axis at a t i m e .  
400 lbs .  translation force along the X-axie (selectable by switch) If Y and 2 axis 
ratation ccucuande are not eiu~ultaneously present, 

In  a naninal mode, the logic provides 

It provides for  either 200 lbs. or 



t The logic operating i n  the failure modes produces rotation torques and 
translation forces which are the maximum attainable (optimum) for  each particular 
je t  failure, except for a few specific canbinations of polarity of simultaneous 
control cammands. 
vides reduced and equal response fo r  each polarity of rotation. 
logic would produce unequal response for  opposite polarity of these ccannand cun- 
binations. 
be undesirable) and the logic equations can be greatly simplified by restricting 
them t o  equal. response, thereby gaining an increase in  autopilot reliabil i ty.  
Furthermore, the pi lot ' s  task i n  reacting t o  j e t  failures should be simpler 
with four instead of eight failure switches t o  manipulate. Vehicle control 
quality i s  expected t o  be satisfactory. 

Under these particular coxnand cmbinations, the logic pro- 
An optimum 

There is no obvious advantage t o  unequal response, (and it may even 

The rotation torque camnands consist of a t r a in  of constant amplitude 
pulses of varying width and frequency of occurrence, which are produced by three 
l inear pulse ra t io  modulators, one for each control channel. hergency modes of 
control system operation w i l l  be simulated by mplacing the ra t io  modulator by 
either of the following: a fixed pulse t r a in  modulatorj a direct on-off signal 
(constant amplitude) f r o m  pilot 's  controller. During control system autanatic 
att i tude hold operation, the system w i l l  l i m i t  cycle and the modulator w i l l  pro- 
duce a typical pulse of 6 milliseconds duration approximately every 2.5 seconds. 
L i m i t  cycle amplitude is  c r i t i ca l ly  dependent upon accurate simulation of the 6 0 millisecond pulse. 

Because of the high frequency content of the thrust  of the reaction 
je t s ,  it is anticipated that simulation of the vehicle body dynamics i n  accelera- 
t ion (angular) and angular velocity (p, q, r )  w i l l  be done on the Analog Computer. 
The control system including rate gyro feedback (p, q, r), attitude error signals, 
modulators, select logic, j e t  thrust, and p i lo t  controller siwals w i l l  also be 
mechanized on the Analog Computer, with extra'hardware" (such as modulator, logic 
box, controllers, etc.) used as needed. 

The t ransLtion force campands are received directly fram the pilot 's  
translation controller as on-off signals, or fran a fixed pulse t ra in  modulator 
inserted i n  series with the pilot 's  controller. 

The pulse modulators w i l l  be physically contained i n  the overall 
modulator logic box. 
modes which are described below: 

The three rotation modulators operate i n  the following 

Pulse Ratio Modulation (all nominal Control System modes) 

Pulse Ratio Modulation (PM) is  a pulse modulation technique 
whereby the pulse width (Tw) and 
upon the nonnalized input si- (ICY The s t a t i c  characteristics are 
defined by the following: 

t i t i a n  frequency ( f ) are &pendent 



a 

x ( l  - x) 1 f =- 

TwMin 
P 

Where Tw i s  the m i n i m  pulse width 
Min 

The s t a t i c  F%M character is t ics  are usef'ul only f o r  DC or  very slowly 
vmying signals.  However, i f  a signal other than a DC or slowly varying 
signal i s  of in te res t  one can use the dynamic in tegra l  equations t o  deter- 
mine the modulator operation. 

T 
These equations are: 

P W  

Tw Min = /  ( 1  - * X )  dt  ( 3) 

TwMin = J  X dt  (4) 

The lower l i m i t  i n  Equation ( 4 )  is  the value of Tw obtained from Equation (3) . . 
Pulse Train Modulation 

Activated by p i l o t  selecting the manual, emergency, d i rec t  
contrdl system mode. The modulator output consists of a t r a i n  of 

pulses fixed i n  amplitude, width, andkreqency ,  i n  response t o  a signal(low leve l )  
output from the p i l o t ' s  controller.  \ 

On-off - 
Activated by p i l o t  selecting the manual, emergency, direct  

control system mode. The modulator output consists of a continuous, con- 
stant amplitude s ignal  i n  response t o  a signal output f r o m  the p i l o t ' s  con- 
t r o l l e r  .( high leve l )  . - 
PK/fl 



TABU 1 

Control System Operating Modes 

I. . Rotational Control 

, 

A. Automatic 

used for  automatic guidance steering 
a l l  akes selectable aimultaneously 

B. Wual 

1. Normal (selectable a l l  axes simultaneously) 

(a) att i tude hold (rate  commend plus a t t i tude  hold) 

(b) rate command (no att i tude hold) 

2. Ehergency Direct 

(a) Direct: Pulse Train 

(b) Direct: On-off 

11. Translational Control 

A. M a r k 1  On-off 

B. Wual Pulse Trsin 

, 
I 
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APPENDIX G 

ABORT - TO - BURNOUT 

POST "RAINING RUN SCHEDULE 

TABLIF: 1 

( I N E B T I A L  PITCH PROGRAM) 

ENGINE 
CONFIGURATION 

ATTITUDE 
DISPLAY 

ABORT 
POINT - 

Ascent only Error needles 2 1 

2 Descent/hcent E r r o r  needles 2 

Ascent only E r r o r  needles 2 3 

4 ~ e s  cent/Ascent Error needles 2 



' 0  

PARAMETW 

P 

P 

P 

P 

P 

P 

X 

Y 

z 
X 

Y 

Z 

%A 

ZPA 

XPA 

"T 
'PA 

'CG 

'CG 

'CG 
I 

I 

I 

I 

I 

X 

Y 

2 

w 

YZ 

IXZ 

INITIAL CONDITIONS FOR MIDCOURSE 

TRAINING RUNS 

TABLF: 2 

VALUE 
6 5.7520362 x 10 ft. 

0 

0 

0 

- 194.87252 ft. / see. 

5580.5417 ft. / see. 

6.1045873 x lo6 ft. 

6 1 . 0 1 3 8 ~ 1  x io ft. 

- 865.77876 ft. / sec. 

5213.2216 ft. / sec. 

114.9 slugs 

- 0.0332 ft. (where RCS plane equals 0 ft.) 

0.0166 ft. 

- 0.243 ft. 
2 

2 

2 

2 

2 

2 

26k3 slug- ft. 

2283 slue;- ft. 

1477 slug- ft 

- 11 slug- ft. 

- 84 slug- ft. 

229 slug- ft. 
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RUN NO. 
1 

2 

3 

4 

ATTITUDE DISPLAY INSTRUMENTATION 

Pa-TEST RUN S m W  

(INERTIAL PITCH PROGRAM) 
TABLE 3 

ATTITUDE DISPLAY ENGINE CONFIGURATION 
E . B . ~  D/A" 

Ad 
b P.A. 

E.B. A 

a = Eight-ball only 

b = 

c = Descent/Ascent engine combination 

d = Ascent engine only 

Precision angle readouts i n  3 axes and eight-ball 

~~~ 

REPORT LED-570-8 
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RUN NO- 

1 

2 

CONTROL DEADaAND 

PRE-TEST RUN SCHEDULE 

(INERTIAL PITCH PROGRAM) 

DEADBAND 

0.5" 

0.05" 

1.0" 

0.05" 

l . oo  

0.5" 

ENGINE CONFIGURATION 

A 

A 

D/A 

D/A 

A 



RUN NC). 

1 

ABORT .. To - BURNOUT 

POST-TRAINING RUN SCHEDuI;F: 

( LINE-OF-SIGHT PITCH PROGRAM) 

TABLE 5 

ENGINE 
C O W 1  GURATION 

Ascent only 

Descent/ A s  cent 

Ascent only 

Descent/Ascent 

ATTITUDE 
DISPLAY 

Error needles 

Error needles 

Error needles 

Error needles 

ABORT 
POINT 

2 

2 

2 

2 

Y RFPORT m-570-8 
r: DATE 9 March 1964 
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RUN NO. 

1 

2 

3 
4 
5 
6 
7 
a 
9 

10 

11 

12  

1 3  
14 
15 
16 
17 
18 
19 
20 

21 

22 

23 
24 
25 
26 
27 
20 

RUN SCHEDULE FOR ABORT-TO-BURNOUT 

TEST TRIALS 

ABORT ATTITUDE 
POINT DISPLAY - 
lN PoAo 

5 N  
3N 
lN 

3N 
3 0 . ~ .  

5 N  
5 N  
3 0 . ~ .  
3N 
30. N 

3N 
5 N  
30 .~ .  
l . N .  

1 N  

5N 
lN 

3N 
5 N  
3 0 . ~ .  
3N 

3 0 . ~ .  
30. N. 

3N 
30. N. 

1N 

1N 

PoAo 

EoBo 

EeNo 

EON. 

PoAo 

EON. 

PoAo 

EON. 

EoBo 

P.A. 

PoAo 

EoBo 

EoBo 

EON. 

EoBo 

EON. 

PoAo 

EON. 

EoBo 

EoBo 

PoAo 

EoBo 

EON. 

EON. 

Eo Bo 

PoAo 

EoBo 

TABLE 6 

RCIORT LED-570-8 
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G 7  

RUN NO. 

29 

30 
3 
32 
33 
34 
35 
36 
37 
38 
39 
40 

41 

42 

43 
44 
45 
46 
47 
48 

ABORT 
POINT 

5N 
3N 
lN 

5N 
1N 
LN 
30. N. 

5N 
3N 
30.~. 

3N 
30.~. 

5N 
5N 
30. N. 

3N 
lN 

3 
5N 
1N 

ATTITUDE 
DISPLAY . 

E o B o  
EoNo 
PoAo 

EON. 
E o B o  

EoNo 
E o B o  

E o B o  

P o  A. 

PoAo 

EoBo 
EoNo 
PoAo 

E.N. 
PoAo 

EoNo 
EON. 
E o B o  

PoAo 

Po A. 

ENGINE 
CONFIGURATION 

A 

D/A 
A 

~ ~ 
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RUN NO. 

1 

2 

3 
4 
5 
6 
7 
8 
9 
10 

11 

12 

13 
14 
15 
16 
17 
18 

19 
20 

21 

22 

23 
24 

RUN SCHEDW FOR MIDCOURSE 

TEST TRIAIS 

TABLE 7 

ATTITUlE 
DISPLAY 

C 

C 

b 

a 
a 

a 

a 

b 

C 

C 

b 

a 
a 

a 
a 
b 

C 

C 

INITIAL 
CONDITIONS 

3 
1 

1 

4 
2 

3 
1 

3 
2 

4 
4 
2 

2 

4 
4 
2 

3 
1 

3 
2 

4 
1 

1 

3 



RUN NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

FOR C O M P ~ A B O R T  TRAJEC'IQRY TEST TRIALS 

V M I C L E  

CONFIGURATION 

A 

D/A 

A 

A 

A 

A 

A 

DE GRADATION 

CONDITION 

D 

N 

N 

R.0. 

C 

C 

DePe 

D 
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